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Introdaction
It has been so far assumed in most tidal theories that the undisturbed atmosphere is at rest relative to the earth and the horizontal temperature gradient does not exist.
The meridional temperature gradient and the associated zonal winds, however, are not small in the actual atmosphere, so that the tidal oscillations may be affected considerably by these factors.
Few works have been done about this problem because of mathematical complications. The effect of the meridional temperature gradient alone was studied by Haurwitz (1957) and Siebert (1957) , and was shown to be negligibly small. Another effect of the meridional temperature gradient comes from the associated zonal winds. The effect of the zonal winds may be divided into two parts, the one is due to the zonal winds itself and its horizontal shear, while the other is due to the vertical shear. The former effect was studied by Chiu (1953) for an autobarotropic atmosphere, and by Ivanovsky and Semenovsky (1971) . The former author's conclusion that the effects on the semidiurnal tide are negligibly small is due to the autobarotropic assumption.
It will be shown in the present paper that the effects of the zonal winds and its horizontal shear are found very large, as noted by Ivanovsky and Semenovsky (1971) . The effects of the vertical shear alone were studied by Sawada (1966) and Kusuda & Sawada (1974) , and their results show that the eigen function and the equivalent depth are affected by this factor considerably. The effects of all these factors together were discussed by Wilkes (1963) and by Stokke (1969) . The former author did not notice the importance of the Doppler-effect. The latter author assumed that the vertical velocity was zero at all levels.
Although all these papers employed various different approximations, it is now apparent that the effects of the meridional temperature gradient are very large. Thus, in order to discuss the properties of propagation of the tidal motions more realistically, one should take into account all these factors together, and have to solve the problem without any unrealistic approximations.
Recent paper by Lindzen and Hong (1974) , which appeared when the present paper was almost completed, taking into account all these factors together and employing realistic atmospheric models, showed that the main effect of these factors on solar semidiurnal tide is to give rise to the generation of the higher modes which are not originally forced, and also showed that the sensitive response of the lunar tide to the vertical temperature profile (Sawada, 1956 ) is much reduced by the zonal wind and the meridional temperature gradient.
In the present paper, a linearized equation in the most general form (no physical factor is neglected except for the viscosity and the conductivity) for the atmospheric lunar semidiurnal tides with meridional temperature gradients and associated zonal winds is solved numerically to discuss the fundamental effects of the zonal wind, its horizontal shear, its vertical shear, and the meridional temperature gradient itself, using somewhat simple atmospheric models. In contrast with the present paper, Lindzen and Hong (1974) attempt to explain the discrepancies between the observed solar semidiurnal tide and the results of the classical tidal theory by means of the total effects of these factors.
It will be shown that the effect of the zona wind and its horizontal shear are very large and the effect of its vertical shear is also large. The latitudinal distributions of the amplitude and the phase of the oscillation and the vertical wave length of the oscillation are changed by these factors.
These results are consistent with the results that the eigen function and the equivalent depth are much sensitive to the zonal wind and its shears (Sawada, 1966 , Ivanovsky and Semenovsky, 1971 , Kusuda and Sawada, 1974 . These latitudinal distributions of amplitude and phase may contain many higher modes as shown by Lindzen and Hong (1974) .
It will be also shown that the effect of the meridional temperature gradient alone on the surface oscillation is small in consistent with the results given by Haurwitz (1957) and Siebert (1957) , but its effect is not negligibly small in the upper atmosphere.
It will be also suggested from the present results that the seasonal variation of the zonal wind system may be one of the important causes for the observed seasonal variation of the lunar tide.
Perturbation equations
In what follows, the hydrostatic balance and the ideal gas law are assumed.
It is also assumed that the undisturbed atmosphere is homogeneous in the zonal direction and that a zonal wind system in the undisturbed atmosphere is given by Notations used in this paper are shown in Appendix I.
The viscosity and the thermal conductivity may play important roles on tidal oscillations above some one hundred kilometers (Lindzen, 1970 
Results of numerical calculations and discussions
It has been found that the equivalent depth and the eigen function are affected considerably by zonal winds and its shears (Sawada, 1966 , Ivanovsky and Semenovsky, 1971 , Kusuda and Sawada, 1974 .
In what follows, the semidiurnal lunar tide in a baroclinic atmosphere is discussed by solving equation (2.8) by making use of a numerical method developed by Lindzen and Kuo (1969) .
No critical level where *' (which is the Dopplershifted frequency) becomes zero exists in this case, because of the large phase velocity of the oscillation. But a singular level where L (see equation (2.12)) becomes zero exists at a high latitude, If we neglect the horizontal wind shear and the curvature of the earth, the singular level reduces to what was indicated by Jones (1967) . In order to avoid this singularity, the so-called Rayleigh damping is usually assumed. In the present study, a grid point system is employed, such that there is no grid point on the pole side of the singularity, except for the pole itself, so that the damping assumption need not be used, The latitudinal finite difference, zip, is taken as 2/17. In the vertical direction, dz is taken as 2.5 km. The lower boundary condition is that the earth's surface is horizontal and rigid, so that
The suffix * means that the differentiation is conducted along an isentropic surface, *=const., whiles is the inclination of the isentropic surface (see Appendix II). Equation (2.8) is linear, but is complete in a sense that no physical factor is neglected except for the viscosity and the conductivity.
If the meridional temperature gradient and the associated zonal winds do not exist, equation (2.8) naturally reduces to the same equation as that of conventional tidal theories. It is seen from equation (2.8) that a part of the effects of the meridional temperature gradient comes from the associated zonal winds and its shears. The Journal of the Meteorological Society of Japan Vol. 53, No. 1 This means that the numerically calculated vertical wavelength is a little longer than that of analytical one. This difference shows the order of magnitude of the error in the present grid point system. One should notice, however, that this difference is not random, and that, as far as op is concerned, the difference is in the same sense. This is due to that the numerically calculated equivalent depths apt to be greater than the analitically expected values. Unless the undisturbed state of the atmosphere deviates greatly from an isothermal state, this grid point system may enable us to examine the fundamental effects of the meridional temperature gradient and associated zonal winds on the semidiurnal tide. This will be confirmed when it is shown later that the results of computations are consistent with that found by Ivanovsky and Semenovsky (1971) and Kusuda and Sawada (1974) , qualitatively.
In the present paper, several idealized atmospheric models are used, and each of them is named after the distribution of zonal wind in it. For example, "E-W" model has an easterly wind in the southern hemisphere and a westerly wind in the northern hemisphere, and similar terms "W-W" model and "E-E" model are used in a sense that both E and W indicate the wind directions of tonal wind system.
In each model, we assume that the mean temperature is 284 K, the undisturbed surface pressure is 1000 mb, and the axes of zonal wind with a speed of 50 r/sec exist at 30*N and 30*S at the height of 60 km (see Fig. 2 ). With these zonal wind systems, the temperature must deviate from the mean to balance with the winds under equation (2.1).
Except for the necessary deviation due to the zonal wind, the vertical temperature profile is not assumed. This is because we rather planned simply to avoid any effect of the profile itself. Fig. 2 shows a cross-section of the E-W model with isotachs and isotherms as an example. The phase difference between northern and southern hemisphere at the middle latitudinal zone is about thirty minutes.
A similar asymmetry with respect to the equator of the surface pressure oscillations is observed statistically in the so-called D season (Haurwitz and Cowly, 1970, Miyahara, 1972) , in which zonal wind is westerly in the northern hemisphere, while it is easterly in the southern hemisphere.
It is also seen that the oscillation at the height of 60 km, where is a maximum zonal wind speed, shows an asymmetry, and that at the height of 120 km, where the atmospheric structure is assumed to be symmetric with respect to the equator, there still exists a similar asymmetry. Fig. 4 shows the latitudinal distribution of the amplitude of the pressure oscillations: *P/*. It is Po apparent from Fig. 4 (also from Fig. 3 ) that the amplitude in the northern hemisphere is largerr than that in the southern hemisphere. This is consistent with a result that the eigen function is larger in a hemisphere where a westerly wind system exists than in other hemisphere where an easterly wind system exists (Ivanovsky and Semenovsky, 1971) . Fig. 5 shows the height distributions of the pressure oscillation, and also those of u at both 17°N and 17°S where the largest asymmetry is seen. It is again seen from this figure that the amplitude of the pressure oscillation is larger in The above mentioned asymmetric latitudinal distributions of amplitude and phase may contain many higher modes as shown by Lindzen and Hong (1974) .
The pressure oscillations: *P/*0 in the W-W model and the E-E model atmospheres are shown in Fig. 6 together with that in an isothermal atmosphere with T=288 K. This figure shows that the vertical wave-length of the oscillation in the E-E model is shorter than that in the isothermal atmosphere, and that in the W-W model, it is longer than that in the isothemal atmosphere. Comparing Fig. 6 with Fig. 3 , one finds that the vertical wave length in the E-W model is almost the same with that in the isothermal model. This is found also by comparing Fig. 5 with Fig. 1 . These results are consistent with the results that the equivalent depth is amplified by an equatorsymmetric westerly wind system, but is reduced by an equator symmetric easterly wind system, while it is changed only a little by an equatorantisymmetric wind system (Ivanovsky and Semenovsky, 1971) . westerly wind system, the amplitude is much larger than that in the isothermal atmosphere.
On the other hand in case of the E-E model, the amplitude decreases from the equator more rapidly with latitude than that in the isothermal atmosphere.
These results altogether show that the semidiurnal tide tends to have larger amplitudes in a westerly wind region than in an easterly wind region.
In order to see which factor of the atmospheric structures gives rise to such effects, calculations are conducted stepwise for the E-W model as follows :
Step I: zonal winds and its shears are dropped from the E-W model while the temperature term is kept,
Step II: zonal winds and its horizontal shear are dropped from the E-W model while its vertical shear and the temperature terms are kept.
The results of computation for each step are shown in Fig. 8 and Fig. 9 respectively. In case of step I, the asymmetries of the amplitude and the phase distributions at the surface are much smaller than those of the case when the no terms are dropped, namely the E-W model itself (see Fig. 3 ) and also those of the case of step II.
This result shows that the meridional temperature gradient alone in the upper atmosphere is less important than the zonal wind and its shears for the surface oscillations. This is consistent with those obtained by Haurwitz (1957) and Siebert (1957) . The differences in amplitude and phase distributions with latitude if compared Fig. 3 with Figs. 8 and 9 is most remarkable at the height of 60 km.
The asymmetry observed in E-W model (Fig. 3 ) is reduced very much in Figs. 8 and 9 . When we consider that the zonal wind system has the maximum wind and the maximum horizontal shear at the height of 60 km, it is apparent that the above mentioned large difference is caused by the zonal wind and its horizontal shear, and this result is consistent with that found by Ivanovsky and Semenovsky (1971) .
The differences between Fig. 3 and Figs. 8 and 9 at the height of 120 km where the undisturbed atmospheric structure is assumed symmetric, is also remarkable. This result shows that the zonal wind and the horizontal shear in lower atmospheric layers have larger effects on the oscillation of upper atmosperic layers than that of the vertical shear and the meridional temperature gradient.
This may be caused by (see text). The unit is similar to Fig. 3 . The amplitude at 3°S is 4.29 *104cm2/sec2 at 0 km, 8.77*105cm2/sec2 at 60 km and 3.37*107cm2/sec2 at 120 km. Fig. 9 . Harmonic dial for the pressure oscillations; *P/*0 at the Po heights of 0 km, 60 km and 120 km in case of step II (see text). The unit is similar to Fig. 3 . The amplitude at 3°S is 4.27*104cm2/sec2 at 0 km, 8.96*105cm2/sec2 at 60 km and 3.39*107cm2/sec2 at 120 km. The unit is similar to Fig. 3 . The amplitude at 3°S at each level in each case are shown below.
Step I
Step the assumption that the zonal wind and its horizontal shear have the same sense throughout in the lower atmosphere, while the vertical shear and the meridional temperature gradient change their sense at the height of 60 km in the present model. Fig. 3, Figs. 8 and 9 show also that the vertical wave length is changed little by the vertical shear. This is consistent with the result that the equivalent depth is not sensitive to the equatorantisymmetric vertical shear (Kusuda and Sawada, 1974) . In case of step I, the amplitude is larger in the northern hemisphere than in the southern hemisphere at the height of 40 km and vice versa at the height of 80 km. This means that the effect of the meridional temperature gradient alone is not negligibly small in the upper atmosphere.
In case of step II, the amplitude is enlarged in a positive shear zone, but is reduced in a negative shear zone. This is consistent with the result that the eigen function has the larger amplitude in a positive shear zone than in a negative shear zone when an equatorantisymmetric shear exists (Kusuda and Sawada, 1974) . This figure shows, however, that the difference between the oscillation in E-W model and in case of steps I and II is large at these levels and this also shows that the effects of the zonal wind and its horizontal shear is very large. This may sound as if in contradiction with Chiu's conclusion (1953) that the free period of the first mode of the westward traveling wave with a zonal wave number of S=2 in an imcompressible homogeneous fluid layer or in an autobarotropic atmosphere (hereafter, this mode is called as S2) is not sensitive to the zonal winds. However, one should notice that, in his model, the mean depth of the fluid layer must change at the same time depending on the speed of the zonal wind, for example, the mean depth of the fluid layer which is assumed 8 km in case of no zonal wind must increase to 8.88 km when a zonal wind system of the form 2/33 a*sin* is assumed. In case of the other modes which are shown in his paper, this compensation is small, and the effect of the zonal wind seems to be large.
The above discussion is also applicable to an autobarotropic atmosphere if the mean depth is replaced by the equivalent depth. In case of a forced oscillation, the period is given beforehand, and the equivalent depth must be determined as an eigen value, and it is dependent greatly upon the zonal winds and its horizontal shear. This property agrees well with the results of Ivanovsky and Semenovsky (1971) . Thus, Chiu's result does not mean that the effect of the zonal wind on the semidiurnal tide is negligibly small. The surface pressure oscillations at various latitudes in present model atmospheres are shown in Fig. 11 . This figure shows that both the amplitude and the phase are sensitive to the zonal wind system. It should be remarked that the latitudinally asymmetric distribution of the surface pressure oscillation found in E-W model resembles to the statistically observed pattern in the so-called D season, during which the zonal wind systems are similar to that of the E-W model (Haurwitz and Cowly, 1970, Miyahara,1972) .
Though the model used here are simple, the present results suggest that the seasonal variation of the zonal wind system may be one of the most important causes of that of the lunar tide.
Conclusions
The effects on the semidiurnal lunar tide of the meridional temperature gradient and the associated zonal wind system are discussed by a linear theory with a numerical method.
It is found that : 1. The effects of the zonal wind and its horizontal shear are considerable. The vertical wave length of the tidal wave is reduced by an equatorsymmetric easterly wind system, but is lengthened by an equator-symmetric westerly wind system, while it is changed a little by an equatorantisymmetric zonal wind system.
The semidiurnal lunar tide has larger amplitudes in a westerly wind system region than in an easterly wind system region.
These results are consistent with the result given by Ivanovsky and Semenovsky (1971) .
An apparently contradicted conclusion given by Chiu (1953) for this problem is compatible with these results. In his model the Doppler-effect by the zonal wind system happens to be compensated by the effect of the change in the meandepth or the equivalent depth associated with the zonal winds.
2. The effects of the vertical shear of the zonal winds are also remarkable. This is consistent with the results given by Sawada (1966) . The semidiurnal lunar tide has larger amplitudes in a positive wind shear than in a negative one. The vertical wave length is changed slightly by equatorasymmetric wind shears.
These results are consistent with the results given by Kusuda and Sawada (1974) .
3. The effects of the meridional temperature gradient alone on the surface oscillation is less important than the above mentioned effects, and this is consistent with the results given by Haurwitz (1957) and Siebert (1957) . These effects, however, are important in the upper atmosphere. The amplitude is larger in the hemisphere which has low mean temperature than in the hemisphere which has high mean temperature in case of the present atmospheric model. 4. The seasonal variation of the zonal wind system may be one of the most important causes of that of the lunar tide. For numerical integration, it is more convenient to write this equation on a horizontal surface rather than on an isentropic surface and to use the *(=cos*) in place of cp as a horizontal coordinate. (A.2) may be rewritten as follows :
